Generalized Parton Distributions (GPDs) offer a new way to access the quark and gluon nucleon structure. We advocate the need to supplement the experimental study of deeply virtual Compton scattering by its crossed version, timelike Compton scattering. We review recent progress in this domain, emphasizing the need to include NLO corrections to any phenomenological program to extract GPDs from experimental data.
The study of the internal structure of the nucleon has been the subject of many developments in the past decades and the concept of generalized parton distributions has allowed a breakthrough in the 3 dimensional description of the quark and gluon content of hadrons. Hard exclusive reactions have been demonstrated to allow to probe the quark and gluon content of protons and heavier nuclei.
In this short review, we concentrate on the complementarity of timelike and spacelike studies of hard exclusive processes, taking as an example the case of timelike Compton scattering (TCS) [1] where data at medium energy should be available at JLab@12 GeV and COMPASS, supplemented by higher energy data thanks both to the study of ultraperipheral collisions at RHIC and the LHC [2] and to a forthcoming electron-ion collider [3] .
A considerable amount of theoretical and experimental work has been devoted to the study of deeply virtual Compton scattering (DVCS), i.e., γ * p → γp, an exclusive reaction where generalized parton distributions (GPDs) factorize from perturbatively calculable coefficient functions, when the virtuality of the incoming photon is large enough. An extended research program for DVCS at JLab@12 GeV and Compass is now proposed to go beyond this first set of analysis. This will involve taking into account next to leading order in α s and next to leading twist contributions. We advocate that it should be supplemented by the experimental study of its crossed version, TCS, or even double DVCS [4] where both photons are off-shell.
The physical process where to observe the inverse reaction, TCS [1] ,
is the exclusive photoproduction of a heavy lepton pair, γN → µ
2 and large timelike final state lepton pair squared mass q 2 = Q 2 ; TCS shares many features with DVCS. The generalized Bjorken variable in that case is τ = Q 2 /s with s = (p + q) 2 . One also defines ∆ = p − p (t = ∆ 2 ) and the skewness variables η and ξ , as For DVCS, η = ξ while for TCS, η = −ξ ≈ Q 2 2s−Q 2 . At the Born order, both DVCS and TCS amplitudes are described by the handbag diagram of Fig. 1 and its crossed version. They both interfere with a Bethe-Heitler QED process where the hadron structure enters through the well known nucleon form factors F 1 (t) and F 2 (t). The interference signal is a precise way to get an access to the DVCS and TCS amplitudes. The cross section for photoproduction in hadron collisions is given by:
where σ γp (k) is the cross section for the γp → pl + l − process and k is the photon energy.
is an equivalent photon flux. The relationship between γp energy squared s and k is given by s ≈ 2 √ s pp k, where s pp is the proton-proton energy squared. Figure 2 shows the interference contribution to the cross section in comparison to the Bethe Heitler and Compton processes, for various values of γN c.m. energy squared s = 10 7 GeV 2 and 10 5 GeV 2 . We restrict the phase space integral to θ = [π/4, 3π/4] in order to avoid the overdominance of the QED process at forward angles. We observe [2] that for large energies the Compton process dominates in these kinematics, whereas for s = 10 5 GeV 2 all contributions are comparable. This lowest order estimate shows that indeed TCS can be measured in ultraperipheral collisions at hadron colliders. For instance, we anticipate a rate of the order of 10 5 TCS events per year at LHC with its nominal luminosity. This is mainly due to the large sea quark GPDs at very small x. It also calls for NLO corrections where gluon GPDs start to contribute.
Our calculations [5] of NLO corrections show important differences between the coefficient functions describing the TCS case and those describing DVCS. One defines the quark and gluon coefficient functions as On Fig. 3 we show the real and imaginary parts of the ratio R q = C q 1 /C q 0 in timelike and spacelike Compton Scattering. We fix α s = 0.25 and restrict the plots to the positive x region, as the coefficient functions are antisymmetric in that variable. We see that in the TCS case, the imaginary part of the amplitude is present in both the ERBL and DGLAP regions, contrarily to the DVCS case, where it exists only in the DGLAP region. The magnitudes of these NLO coefficient functions are not small and neither is the difference of the coefficient functions C q 1(T CS) * − C q 1(DV CS) . The conclusion is that extracting the universal GPDs from both TCS and DVCS reactions requires much care. An important part of NLO corrections to dVCS and TCS, especially at high energy, come from the gluon GPDs Let us summurize our findings on the gluon coefficient functions. The real parts of the gluon contribution are equal for DVCS and TCS in the ERBL region. The differences between TCS and DVCS emerges in the ERBL region through the imaginary part of the coefficient function which is non zero only for the TCS case and is of the order of the real part. In Fig. 4 we plot the ratio
of the NLO gluon correction to the hard scattering amplitude in TCS to the one in DVCS in the DGLAP region for η = 0.05.
To quantify the effects of this NLO calculations, we need to parameterize the quark and gluon GPDs and convolute them with the coefficient functions to get the Compton form factors that enter observable quantities, defined as
fot the case of the GPD H, and corresponding definitions for other GPDs. Using the G-K model [6] , we get, in the DVCS case, the results shown on Fig. 5 which may be compared to earlier calculations [7] . At small ξ, the imaginary part overdominates the real part, but the inclusion of NLO significantly diminishes its size. Note that the inclusion of NLO changes the sign of the real part in the valence region. We are now calculating the corresponding Compton form factors for the timelike case.
